Abstract The hydrogen bonding was prone to be formed by many components in beer.
, and gallic acid was obtained through the Principal Component Analysis and Multiple Regression Analysis , with the adjusted R 2 being 0.779 (P00.001). Ethanol content was proved to be the most important factor which could impact on hydrogen bonding association in beer by Principal Component Analysis. And then, a multiple non-linearity model could be obtained as follows: hydrogen bonding association intensity ðCSÞ ¼ 4:91 7 þ 0:002 E ½ À 0:006 P ½ þ 5:141E À 8 K 2 ½ þ 5:378E À 5 G Â P ½ þ2:428E À 5 K Â P ½ þ2:369E À 5 E 2 P ½ À1:63 E À 5 G 3 ½ À 2:207E À 5 P 3 ½ À 5:247E À 7 K 2 P ½ À3:037 E À 5 E 2 K ½ . The average error was 1.23 % in the validated experiment. 
Introduction
Hydrogen bond is one of the most important non-covalent interactions wich attracts a lot of attentions in beer quality control research (Pejov et al. 2006) . Various types of chemicals including alcohols, acids, saccharides, phenols, esters, and salts which presented in beer affect the flavor of beer, and they force the hydrogen bond formation. Studying the chemical composition and hydrogen bond of beer were valuable for beer quality assessment and new beer products development (Iola et al. 2002; Verhagen 2010) . High Performance Liquid chromatography (HPLC), Gas Chromatography (GC) and Atomic Absorption Spectrometry (AAS) were often used in the analysis of beer flavor compounds. However, these methods requires a crucial sample preparation before analysis. The Nuclear Magnetic Resonance (NMR) spectroscopy could rapidly detect the hydrogen bonds of different flavor substances in beverages with simple sample preparation (Iola et al. 2002) . NMR is based on the magnetic moments of some atomic nuclei (e.g. 1 H). The exact value of the radiofrequency absorbed exquisitely depends on the chemical environment of the nucleus, so that each compound gives a well-defined set of 1 H absorption peaks (Chemical Shift) (Harris 1983; Derome 1987 ) . The 1 H-NMR-based data can be used in the quality control or falvor metabolites analysis of beer (Lachenmeier et al. 2005; Rodrigues et al. 2010; Duarte et al. 2004; Rodrigues et al. 2011; ) , wine (Skogerson et al. 2009; Ramos and Santos 1999; Kosir and Kidric 2001) , soy sauce (Ko et al. 2009 ), vinegar (Boffo et al. 2009 ), Coffee and tea (Charlton et al. 2002; Lee et al. 2010; Bosco et al. 1999) , Olive oils (Sacchi et al. 1996) , Fruit juices (Spraul et al. 2009; Le Gall et al. 2001; Gil et al. 2000) , and so on.
It has been reported that hydrogen bonding association degree in pure water, beer, whiskey, japanese sake, and shochu (white liquor) was studied on the basis of 1 H-NMR chemical shift (Nose and Hojo 2006; Hindman 1966; Muller 1965; Lachenmeier et al. 2005) . Chemical Shift (CS) in low field corresponds to the strengthening of hydrogen bonding structure in the entire solution (Nose and Hojo 2006) . It is well know that, water-ethanol hydrogen bonding structure is strengthened as the presence of some chemical components (Nose and Hojo 2006) . The strength of hydrogen bond mainly depends on the nature of the proton donor and acceptor atoms. Additionally, it is also related to the substitution of these atoms (Ramasami and Ford 2010; Alkorta et al. 2002; Kawahara et al. 2003 ). The organic acids or (poly) phenols (proton donors), and conjugate base anions of weak acids (proton acceptors) are the main components to reduce organoleptical stimulation of alcoholic beverages (Nose and Hojo 2006) . A few metal salts (MgCl 2 and KF) have a strengthening effect on the hydrogen-bonding structure. The OH proton chemical shifts from strong acids are related to the sizes and charges of the ions. Acids (H + and HA, undissociated acids) and bases (OH -and A -, conjugate-base anions from weak acids) can strengthen the structure of hydrogen-bonding via increasing concentration of solutes.
Hydrogen bond donors as well as acceptors seem to cause the intimate (or tight) interaction between H 2 O and ethanol molecules in alcoholic beverages (Nose et al. 2004; Fileti et al. 2004 ). Some proposed NMR-based procedures used to control the quality or flavor of beers by correlating NMR data (hydrogen bond intensity) have been studied (Iola et al. 2002; Lachenmeier et al. 2005; Rodrigues et al. 2010; Duarte et al. 2004; Rodrigues et al. 2011; Almeida et al. 2006) .
1 H-NMR-PCA data of beers with different types and origin has shown a good separation of samples (Duarte et al. 2004) . The chemical changes occurring in a forced aging beer can be well monitored by the hydrogen bond intensity (Rodrigues et al. 2011) .
Therefore, it is important to scientifically demonstrate the concrete relationship between hydrogen-bonding association and beer components using available statistical methods.
Multiple Regression Analysis (MRA) is one of the most widely use methodologies for expressing the dependence of a response variable on several independent (predictor) variables, and it need remove the multicollinearity and redundant independent variables (Siebert 2001). One such method is principal component analysis (PCA). The new variables from the PCA are more valid to use as predictors in a regression equation (Pages and Tenenhaus 2001) . Subsequently, they allow the identification of the primary predictors with minimal multicollinearity.
The objectives of this study was to find out the relationship between beer flavor substances and 1 H-NMR CS through Correlation Analysis, MRA and PCA, and to develop a mathematical model which could predict the decisive factors of hydrogen bonding intensity in beer.
Materials and methods

Samples
The 35 bottled lager beer samples used for this study were purchased in Chinese market and produced by different Chinese brewery companies ( 
Standards and reagents
Standards were purshased from Sigma (St. Louis, MO) and were of the highest purity available, including ethyl acetate, propanol, isobutanol, isoamyl acetate, isoamyl alcohol, oxalic acid, tartaric acid, pyruvic acid, malic acid, ketoglutaric acid, lactic acid, acetic acid, citric acid, succinic acid, gallic acid, vanillic acid, catechin, caffeic acid, P-coumarilic acid, ferulic acid, and syringic acid. The other chemicals and solvents were of the highest commercial grade and purshased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
GC analysis of higher alcohols and volatile esters
The higher alcohols and volatile esters concentraions in beer were determined by Headspace Gas Chromatography (HS-GC) (Liu et al. 2008) . Briefly, the reaction system contained NaCl (1.8 g), beer sample (4 ml), and 30 mg/ l 3-heptanone (1 ml) as an internal standard solution. The analysis was performed using a Shimadzu GC-2010 gas chromatograph (Shimadzu, Japan) coupled with a FID detector. Separation was carried on a CP-WAX52CB capillary column (30 m×0.32 mm×0.52 μm, Shanghai Bioengineering Co. Ltd., Shanghai, China). Nitrogen was used as carrier gas with a flow rate of 3.0 ml/min. The column oven temperature was started at 40°C for 2 min, and ramped at 10°C/min to 180°C with a 4 min hold. The temperature of gasification oven, detector and transmission line was 200°C, 250°C, and 130°C, respectively.
HPLC analysis of organic acid
The organic acid concentration in beer was determined by Reverse Phase-High Performance Liquid Chromatography (RP-HPLC) at OD 210 as described by Liu et al. (2008) .
Adding 5 ml degassed beer sample, 1 ml zinc sulfate (30 %, w/v) and 1 ml potassium ferrocyanide solution (15 %, w/v) into a volumetric flask (25 ml), and make up to the scale using ultrapure water, mix well finally. And then, the solution was filtered by filter paper and Sep-Pak C18 Cartridge (Waters) successively. Purified sample (10 μl) was prepared using a Waters Atlantis dC 18 column (5 μm, 4.6 mm × 150 mm) at 30°C. Elution was carried out in a mobile phase containing 20 mM NaH 2 PO 4 (pH adjusted to 2.7 with H 3 PO 4 ), with a flow rate of 0.5 ml/min.
AAS analysis of inorganic ions
The inorganic ion concentrations in beer were determined by AAS (Dolores et al. 2000; Hergenreder 1991; Cabrera et al. 1994 ). The analysis was performed using Spectra AA 220 (Varian,U.S.A), and the absorption spectrum for Na, K, Ca and Mg was at 589 nm, 766.5 nm, 422.7 nm and 285.2 nm, respectively.
Analysis of alcohol content, original gravity and real gravity Fifty grams beer sample and 25 ml distilled water were added into a 250 ml distillation flask. 5 ml distilled water was added into a 50 ml volumetric flask, and was linked to the other ends of distillatory. Heating up the distillation flask till the distillate reached about 45 ml, and adjusting it to 50+0.1 g. Finally, mensurating its specific gravity by pycnometer at 20°C.
HPLC analysis of phenolic compounds
Seven phenolic compounds in 35 kinds of beers were analysed with the Reverse Phase-High Performance Liquid Chromatography (RP-HPLC) (Waters 600, Waters Platform ZMD4000, Breeze workstation) and the Waters Atlantis dC 18 column (5 μm, 4.6 mm×150 mm) with a a gradient elution system. Phenolic compounds were measured at 254 nm and 280 nm with a dual λ absorbance detector (Waters 2487 ), and the injection volume was 20 μl. Mobile phases were 0.1 % glacial acetic acid in distilled water (solvent A) and 0.1 % glacial acetic acid in methnol (solvent B). All solvents for HPLC analysis were HPLC grade (Merck, German). Total HPLC run time was 60 min and the flow rate was 1 ml/min (García et al. 2004) Analysis of 1 H-NMR chemical shift
One-dimensional NMR spectra of the degassed beer was recorded on Avance AV-500 spectrometer equipped with a 5 mm QNP (13C-1H-31P-19F) probe, operating at 500.130 MH for proton analysis. The DSS ((CH 3 ) 3 Si-(CH 3 ) 3 -SO 3 Na) was used as internal standard and the anlysis was carried out at 18°C.
Statistical analysis
The data was analized using the SPSS statistical software.
(SPSS Inc., Chicago, IL, USA).
Correlation analysis
Correlation Analysis reflects the stochastic dependence of uncertainty changes by the dualistic phenomenal numerical values. A bivariate correlation matrix was conducted to measure the association between variables, which displayed in Pearson's correlation coefficient (r). The relation was entirely linear correlation if the r equaled to 1, positive correlation if r>0, and negative correlation if r<0, respectively (Statheropoulos et al. 1998 ).
Principal component analysis (PCA)
PCA maximizes the correlation between original variables to form new variables which were mutually orthogonal, or uncorrelated (Daems and Delvaux 1979) . The main goal of this procedure was to find out the relationships among different parameters and to detect possible clusters within objects and variables. It was a special type of factor analysis that transformed original intercorrelated variables into a new set of independent uncorrelated variables or principal components (PCs) (Iola et al. 2002; Statheropoulos et al. 1998; Jolliffe 1986 ). The principal components are ordered in such a way: the first PC explains most of the data variance, and each subsequent PC accounts for the largest proportion of variability. Although the PCs number equal to independent original variables number, most of the variation in a data set could generally be explained by the first few principal components used to represent the original observations.
Multiple regression analysis (MRA)
A bivariate correlation matrix of data was produced to measure the association between variables, displayed in Pearson's correlation coefficient (Liu et al. 2008) . Before final modeling, a PCA was employed for two purposes. First, a varimax rotation of the principal components was used as a variable selection technique to choose the appropriate variables for inclusion in the ultimate regression model. Varimax rotation ensured that each variable was maximally correlated with only one principal component. Next, the PCA were used for principal component regression analysis, and the stepwise regression option was applied to choose the dependent variable in the regression equation. The objective of this approach was to minimize the effect of multicollinearity on the regression coefficients estimation and achieve parsimony. The results were shown as mean ± standard deviation Table 3 Pearson correlation matrix of alcohols, esters, inorganic ions, organic acid, polyphenols content, alcohol degree, real gravity and original gravity to proton chemical shift ( 
Results and discussion
Correlation analysis
In this study, 30 measured variables and one dependent variable in the 35 beers were analyzed using Correlation Analysis in order to identify their relations to CS ( Table 2) . The Pearson correlation matrix of the variables to CS was shown in Table 3 . The concentration of ethyl acetate, propanol, isobutanol, isoamyl acetate, isoamyl alcohol, ethanol, real gravity, and original gravity of 35 beers were determined (Table 2) . Their contents in the observed beers are varied between 5 and 22 mg/l, 5 and 20 mg/l, 5 and 21 mg/l, 0.6 and 6 mg/l, 35 and 120 mg/l, 2.5 and 5 %, 1.9 and 3.5 oP, and 5 and 11 oP, respectively. As the results showed, CS was positively correlated to alcohol degree and original gravity, whose Pearson correlation coefficient was 0.629 and 0.562 with an confidence level of 99 %, respectively. The Pearson coefficients between CS and the content of isobutanol, isoamyl alcohol and propanol were generally weaker than ethonal. This might because ethonal was the most component in beer except water, and it owned a strong polarity hydroxyl proton and high electronegativity oxygen atom. Original Gravity (OG) is the specific gravity of wort as calculated from the alcohol content and real extract of the beer, so it is relevant to the sugar and ethanol contents of beers, which affect the 1 H-NMR analysis results greatly (Mannina et al. 2012) .
To investigate the associations between inorganic ions and hydrogen bonding CS, the concentration of K + , Na + , Mg 2+ , Ca 2+ , Cl − , and SO 4 2− in 35 beers were determined (Table 2) , and their contents in the observed beers varied between 41 and 185 mg/l, 25 and 141 mg/l, 28 and 73 mg/l, 22 and 69 mg/l, 50 and 165 mg/l, 56 and 266 mg/l, respectively. As a result, Cl
2+ , and Ca 2+ were positive correlated to CS, while SO 4 2− and Na + were negative correlated to CS. Moreover, the signal of Cl − and K + were stronger than that of Mg 2+ and Ca 2+ . Ions with smaller crystal ionic radii per electric charge (r/z) caused the CS moving to the lower field of NMR. The hydrating power for ions in aqueous solution increased as the ions (per charge) radius decreased, and vice versa (Nose and Hojo 2006) .
The HPLC technique allowed us to detect and quantify 9 kinds of organic acids in beer ( Table 2 ). The contents of oxalic acid, tartaric acid, pyruvic acid, malic acid, ketoglutaric acid, lactic acid, acetic acid, citric acid, succinic acid in the observed beers varied between 0.1 and 1.1 mg/l, 37 and 195 mg/l, 5 and 22 mg/l, 2.8 and 19 mg/l, 1 and 6 mg/l, 40 and 200 mg/l, 11 and 93 mg/l, 29 and 259 nmg/l, 71 and 293 mg/l, respectively. As shown in Table 3 , pyruvic acid content was positively correlated with CS, and Pearson correlation coefficient was 0.595 with an confidence level of 99 %, indicating pyruvic acid was the main factor that affect hydrogen bonding intensity . Pyruvic acid is easier to form hydrogen bond because it has a simple steric structure, weak acidity of carboxyl and intense polarity carbonyl group. Secondly, the correlation coefficient between lactic acid content and CS was 0.515 with an confidence level of 99 %. The rest of the other acids had a little correlation with CS. From this, it can be seen that the low-field chemical shifts of all kinds of acids were in proportion to their concentrations. The CS of an acid comes from two factors: the undissociated acid molecule (HA) and the H + from the acid. The contribution of proton to the CS value of an acid depended on its acidity, and their contribution ratios was at most 3-7 % for acetic acid, succinic acid and a-hydroxy acid. Thus, it can be suggested that acids exhibited an ability to strengthen the hydrogen bonding structure through donating protons, which depended on its pK a value (Nose et al. 2004) . In addition, seven major polyphenols (gallic acid, catechin, vanillic acid, caffeic acid, P-coumarilic acid, ferulic acid, syringic acid) were measured by HPLC ( Table 2 ). The contents of polyphenols in the observed beers varied between 3 and 6 mg/l, 0.1 and 0.8 mg/l, 0.1 and 0.6 mg/l, 0.1 and 0.4 mg/l, 0.3 and 0.8 mg/l, 1 and 2.2 mg/l, 0.1 and 0.5 mg/l. The Pearson correlation matrix of polyphenols to CS was shown in Table 3 . GA, VA, and Catechin were positively correlated with CS and Pearson correlation coefficient was 0.628, 0.533, 0.528 with an confidence level of 99 %, respectively. It may be assumed that the phenolic hydroxyl group is a key factor that have a positive effect on hydrogen bonding intensity.
Principal component analysis (PCA)
A significant amount of multicollinearity was observed among the origin predictive variables using Correlation Analysis. So, the objective of PCA before modeling was to obtain prediction convergence parameters for models. These variables would be used as new predicting variables in MRA to obtain a final model, which could be used to calculate the proton CS value in beer. The first step in the PCA was data exploration, which allowed the main variability aspects of a data set to be visualized, without constraint of an initial hypothesis concerning the relationship.
The results of eigenvalue and variance contribution after varimax rotation transformation were shown in Table 4 . Eight principal components were revealed, which explained 89.64 % of the total variance in the predictor variables. and could well reflect the most information of predictor variables. The first three principal components of PC1, PC2, and PC3 accounted for 23.50 %, 10.00 %, and 7.60 % of the variance (eigenvalue >1), respectively.
Higher variable loading values means more contributions to the principal component. Results of the varimax rotation on the eight principal components showed that PC1 positively correlated with the content of isoamyl alcohol, isobutanol, original gravity, alcohol degree, real gravity, propanol, pyruvic acid, and gallic acid, indicating the importance of ethanol factor. PC2 had a higher loading value on ethyl acetate, isoamyl acetate, and P-coumarilic acid content, so it could be defined as ester factor. PC3 loaded mainly on the content of Cl − , Na + , malic acid, lactic acid, and syringic acid. The remaining variables were represented by the rest of the principal components (PC4, PC5, PC6 , PC7, and PC8). The loading of the first three PCs were plotted in Fig. 1 , which intuitionisticly showed the correlation between the first three PCs and all former variables. It should be noted that all variables dispersed separately on the three-axis chart.
Multiple regression analysis (MRA)
Beer contains a very complex nutrient mixture. Besides water and ethanol, higher alcohols, volatile esters, organic acids, carbohydrates, phenols, and salts are major flavor components of beer, which could affect the hydrogen-bonding structure of water-ethanol (Nose and Hojo 2006) . In order to investigate their contributions and interrelationships with hydrogen-bonding, a mathematic model of CS and the major flavor components in beer was obtained by MRA.
A stepwise multiple regression procedure was carried out between the eight independent PCs and CS. As shown in Table 5 , PC1, PC3, PC6 had the major impact on CS. The regression equation was drawn as Eq. 1, where "E" represents the concentration of ethnaol. The model had an adjusted R 2 of 0.868 and well statistically significant (P<0.05). 
PC1 had the most important impact on CS, indicating the ethanol factor was the main factor responsible for the hydrogen-bonding association. PC3 and PC6 showed more impact on CS among the rest of the PC variables. The PCs in regression were matched to new independent variables with high standard regression coefficients (PC1-0.462, PC1-0.405, PC1-0.362).
Different compounds are used to give a scientific explanation to sources of the flavor profile and oral sensation. Ethanol has an important impact on sweet and bitter tastes of beer (Perpète and Collin 2000) . The high alcohols affect drinkability because beer flavor is considered heavier as amyl alcohol concentration increases (Tan and Siebert 2004) . Beer flavor becomes fruity and undesirable when the concentrations of esters are high, among which ethyl acetate and isoamyl acetate are representative (Verstrepen et al. 2003) . In this study, isoamyl alcohol, isobutanol, original gravity, alcohol degree, real gravity, propanol, and pyruvic acid content were selected from PC1.
Iorganic ions contribute to the saline taste of beer, and the low molecular weight organic acids are intermediates or final metabolites of beer fermentation which can provid a sour flavor character (Hufnagel and Hofmann 2008; Mato et al. 2005) . Also, there are many polyphenolic compounds which can affect the taste, smell, and nonbiological stablity of beer. Monophenols can jointly enrich beer flavour with spicy, vanilla-like flavour aspects (Sterckx et al. 2011 , malic acid, syringic acid and lactic acid contents were selected from PC3 and PC6. Consequently, these variables were used as new predictor variables in subsequent regression analysis. A new model was constructed (Eq. 2), where "K" represents the concentration of K + , "P" represents the concentration of pyruvic acid, and "E" represents the concentration of ethnaol, and "G" represents the concentration of gallic acid. The decision coefficient (R 2 ) was 0.779 (P00.001), so the Eq. 2 had a better response for the relationship between the variables and hydrogen bonding intensity, and was very markable and trustful.
CS ppm
ð Þ ¼ 4:917 þ 0:002 E ½ À 0:006 P ½ þ 5:141E
The correlation between the predicted and practiced CS for 35 bottled lager beers was shown in Fig. 2 . The normal probability plot of standardized residual showed that most data were located in the beeline of normal distribution, and most observed values appeared to fit the predicted values well. Some discrepancies between the predicted and observed values could be from the factors which were not considered in the study, such as aldehydes, saccharides, and so on. The scatter plot of dependent variable with regression standardized predicted value was presented in Fig. 3 . The residual scatter situated in the range of −2-2, and was randomly homogeneous distributed. Thus, there was a rather independence between residual and dependent factors according to the supposed theoretics.
Verification of models
Non-covalent interactions play an important role in the fields of chemistry, physics, and biology (Scheiner 1997) . In chemistry, the hydrogen bond is a type of attractive intermolecular force that exists between two partial electric charges of opposite polarity, and its intensity is related to the CS (Pejov et al. 2006). In this research, the alcohol degree, pyruvic acid, gallic acid, K + content, and CS were determined for another 9 bottled lager beers purchased in Chinese market, and the results were considered as predictive variables in the above regression model. As shown in Table 6 where the predictive value and practical test value were list, the error range was between −2.34 % and 0.59 %, and the average error value was −1.23 %, indicating the multiple regression model was well fitted with proton CS in beer.
Conclusions
Different sorts of flavor substances can affect the Chemical Shift due to their different concentrations in beer. Several key factors including 4 alcohols, 2 esters, 6 ions, 9 acids, 7 polyphenols, and 2 gravity indexes (OG and RG) were determined in this study. They could be used to investigate the relationship between hydrogen bonding intensity and the flavor components in bottled larger beers through the Correlation Analysis, PCA and MRA. Alcohol was the primary factor with the highest correlation coefficient to CS, excepting its important effect on sweet and bitter tastes. The ethanol, gallic acid, pyruvic acid,original gravity, Cl − , Vanillic acid, Catechin, lactic acid, and K + had positive correlations with the CS, and the Pearson correlation coefficient was 0. 629, 0.628, 0.595, 0.562, 0.551, 0.533, 0.528, 0.515, 0.423 with an confidence level of 99 % respectively. Moreover, the contents of ethanol, pyruvic acid, gallic acid, and K + were suggested to be the decisive factors for beer hydrogen bonding CS via PCA and MRA. And finally, a mathematical model was developed which could predict the decisive factors of hydrogen bonding intensity in beer: hydrogen bonding asso ciation intensity CS ð Þ ¼ 4:917þ 0:002 E ½ À 0:006 P ½ þ 5:14 1E À 8 K 2 ½ þ 5:378E À 5 G Â P ½ þ2:428E À 5 K Â P ½ þ2 :369EÀ 5 E 2 P ½ À1:63EÀ 5 G 3 ½ À 2:207E À 5 P 3 ½ À 5:247 E À 7 K 2 P ½ À 3:037E À 5 E 2 K ½ . The average error was 1.23 % in the validated experiment.
